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We performed an X-ray diffraction experiment while palladium bulk absorbed and desorbed hy¬ 
drogen to investigate the behavior of the crystalline lattice during the phase transition between the 
a phase and (3 phase. Fast growth of f) phase was observed around x = 0.1 and x = 0.45 of PdH x . In 
addition, slight compression of the lattice at high hydrogen concentration and increase in the lattice 
constant and the line width of the a phase after a cycle of absorption and desorption of hydrogen 
was observed. These behavior correlated with the change in the sample length, which may infer 
that the change in shape was related to the phase transition. 

PACS numbers: 61.50.Ks,64.70.K-,64.70.kd, 81.05.Bx 


I. INTRODUCTION 

Palladium is known as a metal that absorbs large 
amount of hydrogen. This property opened its appli¬ 
cations to storage and filter of hydrogen, and intense re¬ 
search on this property has been performed GLi- The 
large amount of hydrogen absorption is related to two 
phases of the palladium-hydrogen (Pd-H) system, one 
called a phase and the other called [3 phase. The a 
phase has smaller hydrogen fraction x = H/Pd, and it 
includes pure palladium. The (3 phase contains more 
hydrogen atoms. When palladium metal is exposed to 
hydrogen gas, typically at high temperature such as 100 
°C or more, palladium absorbs hydrogen. The absorp¬ 
tion induces phase transition from a phase to /3 phase 
through a + (3 phase, where the ophase and the (3 phase 
coexist, as the phase diagram [§-[5| shows. 

This phase transition from the a phase to the j3 phase 
is believed to be the cause of deformation of a palla¬ 
dium bulk reported in Refs. GHI1. These changes in 
the shape significantly larger than the ordinary plastic 
deformation are explained as a phenomenon connected 
to a phase transition, sometimes with a relation to super¬ 
plasticity. We previously found a change in the shape of 
palladium metal in the direction of minimizing its surface 
area [13], and subsequently we observed large bending of 
a horizontal palladium plate with only a small external 
force, and warping back and forth of vertical palladium 
plate [s]. However, it is not clear why the change in the 
shape of the bulk happened so as to minimize its surface 
area and why the palladium plate warped back and forth. 

In this paper, we report an X-ray diffraction experi- 
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FIG. 1. (Color online) Experiment Setup 


ment at a synchrotron radiation facility SPring-8 to ob¬ 
tain microscopic information of the Pd-H system during 
the phase transition. We took X-ray diffraction spectra 
while a palladium bulk absorbed and desorbed hydrogen 
gas with the information on the length of the sample. 
The analysis was performed to get microscopic informa¬ 
tion, such as lattice constant, crystal grain size, and the 
intensity of the diffraction from the two phases, against 
the time and the hydrogen fraction x, in order for us to 
obtain microscopic understanding of the change in the 
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shape of the palladium bulk during the treatment with 
hydrogen. 

Microscopic study of the Pd-H system has long been 
performed [2j, I14| - [l6j . Initially, X-ray diffraction study 
was performed in the static states. The lattice con¬ 
stants of the a phase and the /3 phase are measured as 
a a = 3.894 A and ap = 4.040 A [2!] by the standard X- 
ray diffraction technique after putting the sample back 
to the room temperature. The figures in Ref. [l5| was 
obtained by placing X-ray diffraction pictures of different 
samples with different hydrogen fraction together. The 
dynamic observation of the phase transition has also been 
performed [IM- Most of them use the information of 
a single peak to estimate the amount of one phase in 
the bulk. Lattice constant information on these reports 
is simply plotted against temperature or pressure of hy¬ 
drogen, and time dependent analysis was not performed. 
In addition, most of the reports are for nano particle of 
palladium [18l-20]. and the time dependent microscopic 
study of the palladium bulk is lacking. Our report fills 
this blank and connects the relation between the macro¬ 
scopic behavior and the microscopic parameter. 


II. EXPERIMENTAL METHOD 
A. Experiment setup 

The X-ray diffraction experiment was performed at 
RIKEN Materials Science beamline BL44B2 of SPring-8. 
The X-ray energy was 20 keV with the energy resolution 
of 10 -4 . The photon flux was 10 11 s _1 and the beam 
size was 0.5 mm (vertical) x 3.0 mm (horizontal). The 
palladium sample was 70 mm tall, 1 mm thick hollow 
equilateral triangular tube with 10 mm wide outer side. 
This shape ensured high mechanical strength to prevent 
the sample from bending. The top corner of the sample 
was aligned to the path of incident X-ray beam. 

The palladium sample was put into a vacuum cham¬ 
ber with one end fixed onto the chamber. The other end 
was free and with a flat end cap, being enabled to change 
the length. The sample length change A L was measured 
with a laser displacement sensor through a viewport. The 
chamber was made of stainless steel, except for the path 
for the X-ray made of 1 mm thick aluminum. The cham¬ 
ber was connected to a pumping system consisting of a 
turbo molecular pump and a rotary pump. The whole 
chamber was wrapped with heating tapes to heat the 
sample up to 120 °C. 

Prior to the start of the experiment, the chamber was 
evacuated out to below 10~ 4 Pa. Hydrogen gas was in¬ 
troduced through a flow meter, the start of which is de¬ 
fined as t = 0. At first, the introduction was at a max¬ 
imum rate of 40 ml/min, and once the pressure reached 
0.2 MPa, the flow rate was reduced in order to keep the 
pressure around 0.2 MPa, as shown in Fig. 0(e). After 
the saturation of the pressure and A L, by which we re¬ 
garded the phase transition as finished, we pumped the 


hydrogen out through the pumping system. We finished 
the evacuation when the decrease in pressure accelerated, 
which is the sign of the complete outgassing of hydrogen. 
We introduced hydrogen again to see the behavior at the 
beginning of the second cycle of absorption/desorption of 
hydrogen. Throughout the experiment, we recorded the 
pressure and the temperature of the chamber and A L. 

The scattered X-ray was recorded with an imaging 
plate covering the diffraction angle 29 of 0 < 29 < 78°. 
One imaging plate recorded data of 18 different expo¬ 
sures and therefore one set of measurements consisted of 
18 data. Each exposure was for 30 seconds. We started 
the first exposure of the first set right after we started to 
introduce hydrogen. 


B. Characteristics of the setup 

Although the result and its interpretation are de¬ 
scribed assuming the sample was in the ideal condition 
for the powder X-ray diffraction, we have to consider the 
difference between the ideal condition and our system. 
First, palladium sample was large and certain amount 
of the X-ray was absorbed by the sample. Second, the 
number of crystal grains might be small and their ori¬ 
entation might not be random. Third, the sample might 
not have been uniform, as it takes certain amount of time 
for hydrogen to diffuse into the depth of the palladium. 

The Attenuation coefficient of the palladium is 207.9 
cm” 1 for 20 keV X-ray. This means that the X-ray pass¬ 
ing through 0.1 mm bulk is attenuated to 13% of the 
incoming flux. Thus, we basically looked at the phase 
transition of the thin surface layer whose thickness is at 
most 0.1 mm. As the X-ray hit the top point of the trian¬ 
gular cross section of the sample, we can assume that the 
reasonable amount of the diffracted light is transmitted 
for all the diffraction angles. 

The volume we observed is roughly 0.5 mm x 3 mm 
x 0.1 mm, whereas the grain size of palladium is 10-100 
/jrn in Fig. [7] It is therefore possible that the number 
of grains is too small for the diffraction pattern to have 
circular symmetry. This can cause the suppression of the 
signal from certain crystal planes. 

Given that we looked at the thin surface layer, the 
diffusion would not take that long time. Fig. [2] shows 
the numerical calculation of the absorption of hydrogen 
by 1 mm thick palladium plate when the density of the 
hydrogen gas linearly increased, with the diffusion coef¬ 
ficient of 3.26 x 10~ 10 for hydrogen in palladium at 120 
°C. Although it took certain amount of time for hydro¬ 
gen to reach the center of the sample, the 0.1 mm thick 
surface layer got the amount of hydrogen comparable to 
the very surface in short time; in 1 minutes, the density 
becomes 40% of the outermost area and after 20 minutes, 
the density is 90% of the surface one. Thus, except for 
the first few minutes, hydrogen density can be assumed 
to be roughly uniform. 
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FIG. 2. (Color online) Density of hydrogen in 1mm thick pal¬ 
ladium bulk relative to the gas phase 1, 5, 10 and 20 minutes 
after the start of the introduction of hydrogen: initial condi¬ 
tion is all point was zero at t = 0 and the number at the two 
ends increased at a constant rate to simulate the increasing 
hydrogen pressure. 


III. RESULTS 

Figure [3] shows diffraction spectra at five representa¬ 
tive moments during the experiment. Some conspicu¬ 
ous diffraction lines before the absorption of hydrogen 
got weaker during the absorption, and disappeared af¬ 
ter the absorption. When palladium desorbed hydrogen, 
these peaks reappeared roughly at the same 29. During 
the absorption, new diffraction lines appeared at slightly 
smaller 29, which corresponds to the lattice constant a 
larger than the vanishing diffraction lines. These new 
lines disappeared during the desorption. Based on the 
observation, we identified the phase and the crystal plane 
for the diffraction lines. The intense diffraction lines at 
the beginning were identified as a phase lines, as the 
sample was annealed before the experiment to outgas hy¬ 
drogen. The new lines appearing during the absorption 
were identified as /3 phase lines because these had slightly 
larger lattice constant ap than a a , which matched with 
the previously reported ratio of a a and ap in Ref. |2} 
(subscription a and /3 show parameters for the a and 
the /3 phase, respectively). In addition, the difference 
between a a and ap was significantly larger than the fluc¬ 
tuation of a a and ap during the absorption and the des¬ 
orption of hydrogen. Diffraction lines without any signif¬ 
icant change over the experiment were regarded to be the 
background originated from other materials on the path 
of X-ray, such as the aluminum chamber wall and resis¬ 
tive material in the heating tape. These lines were used 
to remove systematic errors of the diffraction angles. 

Figure 0] is magnified plots of the time dependent be¬ 
havior of the diffraction lines from the (111) and (200) 
planes. The top half shows the first 60 minutes of the ab¬ 
sorption stage. The initially intense a phase diffraction 
lines gradually disappeared over an hour and (3 phase 
diffraction lines grew up rapidly at significantly smaller 
29 after several minutes. It is notable that most of the 


growth of the f3 phase diffraction lines finished in several 
minutes. The bottom half of Fig. [I] shows the behav¬ 
ior during the desorption stage. The (3 phase diffrac¬ 
tion lines gradually disappeared and the a phase diffrac¬ 
tion lines grew up. The diffraction line angle changed 
as time evolved. Changes were slower during the des¬ 
orption stage than that during the absorption stage, but 
they had a common behavior that the growing peaks grew 
up smoothly, whereas the disappearing peaks had fluctu¬ 
ation in their position and the intensity during its fast 
vanish. 

For a close look at the time dependent behavior of the 
diffraction line parameters, we fitted each diffraction line 
with a Gaussian plus a linear background function, ob¬ 
taining the center of the diffraction line 29 a and 29p, 
the diffraction line width T a and Tp as the full width at 
half maximum (FWHM) and the diffraction line inten¬ 
sity I a and Ip as the area of the Gaussian. If two or 
more diffraction lines were close to each other, the fitting 
function contained multiple Gaussian functions. Among 
these data, the (111) diffraction line is plotted in Fig. [5] 
as the representative. Fig. [5] (a) shows a a and ap calcu¬ 
lated from 29 a and 29 p. A systematic error of 29 a and 
29 p presumably due to the slight fluctuation of the po¬ 
sition of the whole chamber against the beam and the 
imaging plate was removed by adding a correction so as 
to keep the diffraction angle of BG1 line in Fig. [3] con¬ 
stant at the average value over all the data points. Fig. 
[5] (b) shows F a and in the unit of angle. Fig. [5] (c) 
displays I a and Ip. A systematic fluctuation of I a and 
Ip was removed by a compensation factor that made an 
average of Ip over the five last sets of absorption stage 
constant. 

A L is plotted in Fig. [5] (d). The temperature of the 
sample, pressure inside the chamber and the hydrogen 
flow rate are plotted in Fig. [5] (d) and (e). 

Figure [3] shows I a and Ip of (111) line against the hy¬ 
drogen fraction x , together with A L. The x was calcu¬ 
lated from the chamber volume, the hydrogen flow rate 
and the pressure. 


IV. DISCUSSION 
A. Lattice constant a a and ap 

a a and ap based on the spectrum before and after the 
absorption in Fig. [3] are summarized in Table HI Our 
result gave larger number than Ref. Jj. Part of the 
reason of the difference is the thermal expansion of the 
lattice. The thermal expansion coefficient for pure palla¬ 
dium, 1.18 x 10 -5 K -1 at 293 K, and 95 K temperature 
difference (Ref. 0: 25 °C, us: 120 °C) gives 0.004 A ex¬ 
pansion of the lattice. However, this still leaves discrep¬ 
ancy significantly larger than the statistical fluctuation, 
particularly for a a . The remaining difference should be 
explained by the different condition to prepare the sam¬ 
ple, as the difference is in the order of magnitude same 
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FIG. 3. (Color online) X-ray diffraction spectra over experiment run: the middle of the absorption and the desorption spectrum 
was 12 minutes and 90 minutes after the start of the absorption and the desorption, respectively. Three-digit numbers on the 
top represent the crystal plane identification for the a phase (black) and the /3 phase (red). BG1 and BG2 are background 
lines. Blue horizontal axes show the lattice constant for different crystal plane. The gray lines superposed onto the four spectra 
are the spectrum before absorption. 



FIG. 4. (Color online) Magnified X-ray diffraction spectrum 
of (111) line (top left: absorption stage, bottom left: des¬ 
orption stage) and (200) line (top right: absorption stage, 
bottom right: desorption stage). The blue axes shows the 
lattice constant. 


as the fluctuation of a a and ap shown in Fig. [5] 

The time dependent behavior of a a and ap of the (111) 
diffraction line is shown in Fig. 0(a). Notable features 


TABLE I. Lattice constant [A]: TE column shows the amount 
of the thermal expansion of the lattice. 


Phase 

This result 

Ref. [2J 

Difference 

TE 

a 

3.928 ± 0.005 

3.894 

0.034 

0.004 

(3 

4.054 ± 0.006 

4.040 

0.014 

0.004 


for a a are (i) its initial increase, (ii) smaller a a than the 
initial value when the a phase appeared again at the 
desorption stage, and (iii) the increase of a a at the end 
of the desorption. The first feature should be simply 
due to the hydrogen’s occupying interstitial space among 
palladium atoms to expand the palladium lattice. 

a a was 0.6% smaller than the initial valuewhen it ap¬ 
peared again during the desorption. This is significantly 
larger than the uncertainly of the center position, and is 
possibly due to the compression by the /3 phase. Because 
the sample length L increased by only 0.6% even when 
the sample completely turned into /? phase that has 3% 
larger lattice constant than a phasa the crystal grain 
experienced the huge internal stress £01, and it is possi¬ 
ble that the pressure compressed a phase lattice. The 
fact that the rapid growth of the Ip started at the same 
time as the start of the decrease in a a during absorption- 
started also supports the idea of the compression by the 
/3 phase. 

a a increased by 0.3% after a cycle of the absorption 
and the desorption of the hydrogen, which is signifi¬ 
cantly larger than the uncertainty of the center position. 
This means that there is an irreversible effect of hydro- 
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FIG. 5. (Color online) Time dependence of (a) the lattice constant a a and ap, (b) line width Tq, and and corresponding 
grain size (right axis), and (c) line intensity I a and Ip of the diffraction from (111) plane. Black points are for the a phase and 
red ones are for the /3 phase. The sample length change A L is shown in (d) (brown line, positive A L corresponds to larger 
sample), and experiments condition are shown in (d) and (e). The H 2 introduction rate is magnified by 5 times, and should be 
read with the left axis. Blue and green dotted lines show the start of absorption and desorption stage of the hydrogen. Data 
points are not shown if the diffraction line was too weak to perform the fit. Only initial 120 minutes is shown for the first 
absorption stage, as the last 200 minutes did not have much change. 


gen treatment on palladium bulk. The behavior of a a 
in the second cycle quite similar to the first absorption 
stage suggests that the value at the end of the desorp¬ 
tion stage should be regarded as the value for the pure 
palladium, not the value with slight amount of hydrogen 
remaining in the bulk. Irreversible changes were also re¬ 
ported previously, such as the change in the shape and 
the degradation of metallic luster (l3l |. The observation 
in this experiment revealed that such a change also hap¬ 
pened in microscopic scale. Note that the behavior is 
quite similar for ap in the desorption stage, but ap went 
back to its initial value. 

The change of 26p is large enough to be observed in Fig. 


IU and detailed time dependent behavior of ap is shown 
in Fig. [5] (a). It had a local minimum during the phase 
transition, when t = 60 min, which corresponds to the 
hydrogen fraction x ~ 0.45 in Fig. [G] These were 0.2% 
jump, and possible explanation is the growth of /? phase 
first compressed its lattice and then the lattice gradually 
expanded. The expansion was not all the way back to 
the initial number. This observation is quite different 
from the report in Ref. fl5j . where ap increased as the 
hydrogen fraction x increased. The difference should be 
due to the experimental condition, particularly if the X- 
ray diffraction is done during the phase transition or not. 
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FIG. 6. (Color online) Intensity of the (111) diffraction line 
against the hydrogen fraction x. 


TABLE II. Line width and crystal size: the a phase has the 
value before and after a cycle of absorption and desorption of 
hydrogen. The /3 phase value is for after the absorption. 


Phase 

Line width [deg] 

Crystal Size [A] 

a, before 

0.062 ± 0.027 

184 ± 91 

P 

0.237 ± 0.041 

108 ± 14 

a, after 

0.217 ± 0.080 

77 ± 19 


B. Line Width T a and T/3 

Y a , and the crystal grain size derived from Scher- 
rer formula are summarized in Table El The trend was 
that the grain size got smaller as the absorption and the 
desorption proceeded. The actual grain size in Fig. Q] is 
10-100 /im, which is larger than the coherence length of 
the X-ray, lOOOA. It is likely that the defect or the dis¬ 
order in the single crystal grain decreased the effective 
grain size. 

The change of T a and T p over time shown in Fig. [5] (b) 
tells how the reduction of the grain size happened. The 
r Q increased by 27% from the beginning after a cycle of 
absorption and desorption, which was the same trend as 
the number in Table El The increase started before the 
a phase line disappeared. The Yp was approximately 
the same as To, both when the a phase disappeared, and 
when the a phase reappeared. Once a phase reappeared, 
r a was more or less constant. This means that most 
increase in Y occurred during the absorption. F p changed 
both during the absorption and the desorption, with a 
local maximum at t = 60 min for absorption stage and 
t = 450 min for desorption stage, though they are not 
very significant. 

This increase in To, is consistent with the observation 
of crystal orientation with the scanning electron micro¬ 
scope electron backscatter patterns (SEM-EBSP) in Fig. 
E The palladium metal that went through a cycle of ab¬ 
sorption and desorption of hydrogen gas had much more 
small angle tilt grain boundary, between 1.5° and 3°, 
compared to the annealed palladium sample, whereas the 


FIG. 7. (Color online) SEM-EBSP image of palladium sample 
before (left) and after (right) hydrogen absorption: top two 
section shows the crystal orientation, and each color shows 
different orientation. Bottom two shows the angle difference 
of crystal orientation at grain boundaries. 


size of the grain was roughly the same if the grain bound¬ 
ary is defined with tilt angle larger than 6°. The effective 
decrease of the grain size observed in the X-ray diffrac¬ 
tion was due to the formation of small angle tilt grain 
boundary. This tilt is likely to be formed when the a 
phase turned into the /3 phase during the absorption. 


C. Diffraction Line Intensity I a and Ip 

Time dependent behavior of I a and Ip of the (111) 
diffraction line is shown in Fig. [5] (c). The /? phase 
diffraction line appeared at 8 minutes after the start of 
the absorption, and two thirds of the change was com¬ 
pleted in the first 18 minutes. During this time range, 
hydrogen fraction x changed from 0.03 to 0.15 as shown 
in Fig. [6] This x was close to that of when the sudden 
change in the palladium shape occurred in Ref. Jj. It is 
inferred that the sudden change in the shape was induced 
by the appearance of /? phase. There was another quick 
increase of Ip around t = 60 min. This corresponds to 
the hydrogen fraction between x = 0.40 and x = 0.45. 
This jump between Ip — 2.1 and Ip — 2.4 also existed in 
the desorption side, as the right half of Fig. [5] shows. 

The disappearance of the a phase line slowed down as 
time went by, but the last moment of the disappearance 
around t = 60 min was faster than the earlier part. This 
jump to I a = 0 happened at the same time as the second 
jump in the Ip. Also, the fast change in I a and Ip around 
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x = 0.45 coincided with the local minimum for ap on 
both the absorption and the desorption stage and the 
local maximum of This whole behavior corresponds 
to the point of phase transition from the a + (3 phase to 
/3 phase. Combined with the appearance of j3 phase line, 
x for a + phase should be 0.05 <x< 0.45. 

The growth of one phase is faster than the disappear¬ 
ance of the other phase both in the absorption and in 
the desorption stage. This breaks the conservation of 
la + Ip , which should hold if the amount of the material 
that scatters the X-ray is constant. In our observation, 
I a + Ip had ±20% fluctuation. It is possibly due to the 
imperfect randomness of the crystal orientation that re¬ 
sulted in the different amount X-ray scattered by the a 
phase and the /3 phase. 

Most /? phase diffraction lines totally disappeared when 
the desorption was completed. This ensures that all the 
sample went back to a phase and the pumping was long 
enough to evacuate all hydrogen. 

D. Sample length change A L 

A L is plotted in Fig. [5] (d) and Fig. [6] The sam¬ 
ple expanded by 0.6 % when it absorbed hydrogen up to 
PdHo.6 and then shrank more than its original length by 
-2.5% when hydrogen was released completely. This was 
roughly consistent with Ref. [l3j]. The behavior of A L 
was quite similar to that of Ip, especially in the desorp¬ 
tion stage. Also, the slight change a a and ap coincided 
with the behavior of AT, particularly in the desorption 
stage. These implies the sample length change was re¬ 
lated to the phase transition. 

V. CONCLUSION AND OUTLOOK 

To conclude, we performed the in-situ X-ray diffraction 
experiment during the phase transition in Pd-H system. 
The fast growth of Ip and gradual decrease in I a were 
observed during the absorption of hydrogen. a a and ap 
got smaller as hydrogen concentration got higher with 
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